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Edited by Judit Ova´diAbstract Despite catalyzing the same reaction (2H2O2ﬁ
2H2O + O2) heme-containing monofunctional catalases and
bifunctional catalase-peroxidases (KatGs) do not share sequence
or structural similarities raising the question of whether or not
the reaction pathways are similar or diﬀerent. The production
of dioxygen from hydrogen peroxide by monofunctional cata-
lases has been shown to be a two-step process involving the redox
intermediate compound I which oxidizes H2O2 directly to O2. In
order to investigate the origin of O2 released in KatG mediated
H2O2 degradation we performed a gas chromatography–mass
spectrometry investigation of the evolved O2 from a 50:50
mixture of H2
18O2/H2
16O2 solution containing KatGs from
Mycobacterium tuberculosis and Synechocystis PCC 6803.
The GC–MS analysis clearly demonstrated the formation of
18O2 (m/e = 36) and
16O2 (m/e = 32) but not
16O18O (m/
e = 34) in the pH range 5.6–8.5 implying that O2 is formed by
two-electron oxidation without breaking the O–O bond. Also
active site variants of Synechocystis KatG with very low catalase
but normal or even enhanced peroxidase activity (D152S,
H123E, W122F, Y249F and R439A) are shown to oxidize
H2O2 by a non-scrambling mechanism. The results are discussed
with respect to the catalatic mechanism of KatG.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The four available crystal structures of catalase-peroxidases
(KatGs) of Haloarcula marismortui (1ITK), Burkholderia
pseudomallei (1MWV), Mycobacterium tuberculosis (1SJ2)
and Synechococcus PCC 7942 (1UB2) [1–4] revealed that the
organization of their active site is similar to those of cyto-
chrome c peroxidase [5] and ascorbate peroxidase [6].Abbreviations: KatG, catalase-peroxidase; SynKatG, catalase-peroxi-
dase from Synechocystis; MtbKatG, catalase-peroxidase from Myco-
bacterium tuberculosis; BLC, bovine liver catalase; GC–MS, gas
chromatography–mass spectroscopy; SIM, selected ion monitoring;
SOD, superoxide dismutase; EDTA, ethylene-diamine-tetraacetic acid;
NBT, nitro blue tetrazolium
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doi:10.1016/j.febslet.2006.12.037Although belonging to the heme peroxidase superfamily of
plant, fungal and bacterial enzymes [7] KatGs [EC 1.11.1.7]
catalyze the same reaction as monofunctional catalases [EC
1.11.1.6] namely the dismutation of hydrogen peroxide to
dioxygen and water (2H2O2ﬁ 2H2O + O2). There are no
sequence or structural similarities between the two enzyme
classes and in contrast to monofunctional catalases the cata-
latic mechanism of KatGs is under discussion [8,9].
In monofunctional catalases the overall reaction follows two
distinct states in the reaction pathway. The ﬁrst stage involves
oxidation of the heme iron using hydrogen peroxide as sub-
strate to form compound I, an oxoiron(IV) porphyryl radical
(Por+FeIV‚O) species (reaction (1)). The second stage, or
reduction of compound I, employs a second molecule of perox-
ide as electron donor providing two oxidation equivalents
(reaction (2)). Gas chromatography–mass spectrometry (GC–
MS) analyses have revealed the exclusive formation of 18O2
and 16O2 from a 50:50 mixture of H2
16O2 and H2
18O2 indicat-
ing that in monofunctional catalases O2 is formed by two-elec-
tron oxidation of H2O2 without breaking the O–O bond
[10,11]. Reaction (2) was proposed to include proton abstrac-
tion by the distal histidine, hydride-ion transfer to compound
I and, ﬁnally, liberation of dioxygen and water [8,11]
PorFeIII þH2O2 ! PorþFeIV@OþH2O ð1Þ
PorþFeIV@OþH2O2 ! Por FeIII þO2 þH2O ð2Þ
In chloroperoxidase the catalase reaction has been shown to
proceed also via a non-scrambling mechanism, whereas in a
reaction with labeled and unlabeled m-chloroperoxybenzoic
acid a scrambling mechanism for the release of O2 was estab-
lished [12]. Withm-chloroperoxybenzoic acid the oxygen atoms
of O2 derived from diﬀerent molecules suggesting that at least
one oxygen atom came from compound I (Por+FeIV‚O) [12].
A clear picture of the reaction pathway of KatG has re-
mained elusive. The determination of crystal structures of
KatGs [1–4] has led to the identiﬁcation of several KatG-spe-
ciﬁc residues, subsequently conﬁrmed by site-directed muta-
genesis studies [9]. Such unique features have suggested a
number of unusual mechanisms controlling the catalase reac-
tion. Moreover, the spectroscopic signatures of the redox inter-
mediates are diﬀerent from monofunctional catalases and the
exact electronic nature of the redox intermediate in the cata-
latic cycle is unknown [9].
Thus, in order to investigate whether KatG mediates the di-
rect two-electron oxidation of H2O2 to O2 a GC–MS analysis
was performed using 16O- and 18O-labeled H2O2. Catalase-
peroxidases from two diﬀerent organisms (Mycobacteriumblished by Elsevier B.V. All rights reserved.
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esting Synechocystis KatG variants with diminished catalatic
activity have been investigated. For comparison, the enzymatic
action of bovine liver catalase (BLC, representative of mono-
functional catalases) was elucidated under identical assay con-
ditions. The results in all cases unambiguously show that the
O2 evolved originates from intact O–O bonds in hydrogen per-
oxide. The catalatic mechanism of KatG is discussed.2. Materials and methods
2.1. Materials
Concentrations of H2O2, obtained as a 30% solution from Sigma,
and H2
18O2 (90%
18O), obtained as a 2% solution from ICON ISO-
TOPES, were determined by using a molar extinction coeﬃcient of
e240 = 39.4 M
1 cm1. Additionally, the concentration of H2O2 was
determined titrimetrically by oxidation with KMnO4 in acidiﬁed solu-
tion according to 2MnO4 þ 5H2O2 þ 6Hþ ! 2Mn2þ þ 5O2ðgÞþ
8H2O with 1 ml KMnO4 (0.002 mol l
1) corresponding to 34.02 lg
H2O2 [13]. Titrisol
 potassium permanganate solution, [KMnO4] =
0.02 mol l1 was obtained from Merck. The 2 ml screw top vials with
septa, Viton were obtained from Supelco. Xanthine oxidase from but-
termilk, xanthine, Cu–Zn superoxide dismutase from bovine erythro-
cytes, horse heart cytochrome c and nitro blue tetrazolium chloride
(NBT) were obtained from Sigma.
Bovine liver catalase (BLC) was obtained from Sigma and the con-
centration was calculated using the extinction coeﬃcient of e406 = 1.2 ·
105 M1 cm1. Recombinant catalase-peroxidase from Synechocystis
and Mycobacterium tuberculosis were produced in E. coli and puriﬁed
as previously reported [14,2]. The concentrations of Synechocystis and
M. tuberculosis catalase-peroxidase (KatG) were calculated from a mo-
lar extinction coeﬃcient of e406 = 1.0 · 105 M1 cm1. Mutagenesis,
expression and puriﬁcation of the Synechocystis KatG variants
Y249F, W122F, H123E, D152S and R439A were described previously
[15–19].
2.2. Sample preparation
All solutions (total volume: 100 ll) and vials used in the assays were
made oxygen-free by ﬂushing with nitrogen gas (oxygen <3 ppm) and
storing in a glove box (Meca-Plex, Neugebauer) with a positive pres-
sure of nitrogen (25 mbar).
Hydrogen peroxide stock solutions were mixed with 100 mM phos-
phate/citrate buﬀer (pH 5.6), phosphate buﬀer (pH 7.0) and Tris–HCl
(pH 8.5) to a ﬁnal hydrogen peroxide concentration of 50 mM H2
16O2
and 50 mM H2
18O2 (25 C). After initiating the reaction by enzyme
addition the vials were sealed gas-tight and discharged from the glove
box. The actual concentration of enzyme depended on the particular
enzyme under investigation, its kcat-value of catalatic turnover, and
its potential inactivation by high [H2O2]/[enzyme] ratios. In detail,
the concentration of BLC, wild-type Synechocystis andM. tuberculosis
KatG was 10 lM while that of Synechocystis variants was 20 lM
(D152S), 40 lM (R439A and Y249F), and 80 lM (W122F and
H123E), respectively.
2.3. Gas chromatography–mass spectrometry
Fifteen minutes after commencing the reaction, a gas-tight syringe
was used to inject 20 ll of the headspace gas onto a Hewlett–Packard
5890 II gas chromatograph (GC, Agilent Technologies) equipped with
a particle trap (2.5 m · 0.32 mm) and a HP-Plot MoleSieve capillary
column (30 m · 0.32 mm internal diameter · 12 lm ﬁlm thickness) that
allowed a clear separation of oxygen and nitrogen. Helium was used as
carrier gas at an average velocity of 53.9 cm s1 corresponding to a
ﬂow rate of 2.25 ml min1 (inlet pressure of 34.5 kPa). The injection
port was maintained at 71 C and the oven at 35 C.
Mass analysis was performed in the selected ion monitoring (SIM)
mode using a Hewlett–Packard 5971 A Mass-Selective Detector
(MSD) (Agilent Technologies). The selected masses were m/e = 28
(14N2), m/e = 30 (
15N2), m/e = 32 (
16O2), m/e = 34 (
17O2), m/e = 36
(18O2 and
36Ar), m/e = 38 (38Ar), and m/e = 40 (40Ar). Due to the con-
tent of Argon in air (0.934 v/v%) and its isotope distribution [36Ar
(0.337%), 38Ar (0.063%), 40Ar (99.60%)] its contribution to m/e = 36was negligible. Peak integration, performed with MSD ChemStation,
demonstrated a linear correlation between m/e = 32 peak area and
H2
16O2 or m/e = 36 peak area and H2
18O2 (in the concentration range
50 mM – 200 mM) dismutated by BLC. Furthermore, quantiﬁcation of
dioxygen released by enzymatic activity was compared to that pro-
duced when H2O2 was oxidized by a small excess of KMnO4. The
amount of KMnO4 that was required for complete oxidation of hydro-
gen peroxide was judged by getting the acidic solution to turn slightly
violet.
2.4. Polarographic measurements
Dioxygen release from H2O2 (1–10 mM) was determined polaro-
graphically using a Clark-type electrode (YSI 5331 oxygen probe) in-
serted into a stirred thermostated water bath (YSI 5301B). To cover
the pH range 5.6–8.5, 50 mM phosphate/citrate, 50 mM phosphate
or 50 mM Tris–HCl buﬀers containing 100 lM ethylene-diamine-tetra-
acetic acid (EDTA) were used. All reactions were performed at 30 C,
initiated by addition of KatG and performed in the presence and
absence of superoxide dismutase (10 lg/ml).
2.5. Detection of superoxide
In order to assess putative superoxide release in the reaction of
KatG with hydrogen peroxide UV–Vis spectroscopy was applied to
follow superoxide mediated cytochrome c and nitro blue tetrazolium
reduction at 550 and 560 nm, respectively. Assay conditions were
50 mM buﬀer (pH 5.6–8.5) containing 100 lM EDTA, H2O2 (1–
5 mM) and either 20 lM cytochrome c or 100 lM NBT. Reactions
were initiated by adding KatG (10–50 nM). Xanthine oxidase was used
as a positive control for superoxide production. The assay conditions
were 50 mM buﬀer (pH 5.6–8.0) containing 100 lM EDTA, 50 lM
xanthine and either 20 lM cytochrome c or 100 lM NBT. Reactions
were initiated by adding xanthine oxidase (0.01–0.1 U).3. Results and discussion
One method of approach to the study of enzymes with cat-
alatic activity is to focus on their reaction product molecular
oxygen. Usually the enzymatic activity is followed polaro-
graphically and the turnover numbers given in Table 1 are
based on such measurements using a Clark-type electrode
[8,14–19]. Table 1 shows that the kcat value of the monofunc-
tional catalase BLC is about two orders of magnitude higher
than that of KatGs. Nevertheless, KatGs are the only heme
peroxidases from the superfamily of plant, fungal and bacterial
enzymes, which exhibit peroxidase and substantial catalase
activities similar to monofunctional catalases (Table 1). But
the catalase activity is poorly characterized and it has been un-
known so far whether the two O-atoms in each O2 liberated
came from the same H2O2 molecule or from two separate
H2O2 molecules. The mechanistic question was answered by
using two diﬀerently labeled molecules of hydrogen peroxide
(H2
16O2 and H2
18O2) simultaneously as substrates for KatG,
and using GC–MS to measure the liberated O2 in the head-
space.
Precondition was a clear separation of the main components
of air, N2 (78.084 v/v%) and O2 (20.946 v/v%). In Fig. 1A it is
shown that the MoleSieve capillary column eﬀectively sepa-
rated O2 (2.03 min) from N2 (2.7 min). Analysis of the head-
space of a reaction mixture containing 100 mM H2O2 in
100 mM phosphate buﬀer, pH 7.0, prepared in the glove box
and in the absence of an enzyme, gave a dominating N2-peak
and about 0.5–0.8% O2 most probably deriving from syringe
discharge from the glove box, transport to and injection onto
the gas chromatograph (thin line). The change in relative peak
areas upon total dismutation of 100 mM H2O2 by 10 lM cat-
alase-peroxidase from Synechocystis (SynKatG) (sampling of
Table 1
Enzymatic parameters and results of GC–MS analyses of bovine liver
catalase (BLC), catalase peroxidase from Mycobacterium tuberculosis
(MtbKatG), catalase-peroxidase from Synechocystis (SynKatG) and
variants with diminished catalatic activity
Enzyme kcat (s
1) m/z 32 (16O2) (% O2) m/z 36 (
18O2) (% O2)
BLC 212000 [8] 48 52
MtbKatG 6000 [4] 48 52
SynKatG 3500 [14] 47 53
D152S 200 [18] 46 54
H123E 2 [17] 54 46
W122F – [16] 55 45
Y249F 6 [15] 48 52
R439A 170 [19] 46 54
The enzymes were incubated with 50 mM H2
18O2 and 50 mM H2
16O2
in 100 mM phosphate buﬀer, pH 7.0, for 15 min in the glove box.
Enzyme concentrations used for GC–MS analyses: 10 lM (BLC,
MtbKatG, SynKatG), 20 lM (D152S), 40 lM (R439A and Y249F),
and 80 lM (W122F and H123E), respectively. 20 ll of head-space were
analyzed by GC–MS as described in Section 2. Areas of selected ion
chromatograms m/e = 32 and m/e = 36 are given in percentage of total
oxygen concentration [100% = (m/e = 32) + (m/e = 34) + (m/e = 36)].
All experiments were repeated at least three times and the mean values
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Fig. 1. (A) Representative total ion chromatograms showing the clear
separation of O2 (retention time 2.03 min) and N2 (retention time
2.70 min) obtained with a MoleSieve capillary column. The thin line
represents the chromatogram of 20 ll sample taken from the head-
space of a mixture prepared in the glove box and containing 100 mM
H2
16O2 in 100 mM phosphate buﬀer, pH 7.0. The bold line represents
the chromatogram of 20 ll taken from the head-space 15 min after
hydrogen peroxide degradation was started by addition of 10 lM
SynKatG. The inset depicts the linear correlation between the peak
area of m/e = 32 and the H2
16O2 concentration. Black line: H2O2
dismutation by BLC (conditions as in (A)). Grey line: H2O2 oxidation
by slight excess of KMnO4 in acidic solution. For details in mass
analysis and peak integration see Section 2. (B) Selected ion
chromatograms of m/e = 32 (bold black line), m/e = 34 (grey line),
and m/e = 36 (thin black line) of the GC peak at 2.03 min. 20 ll from
the head space were taken after reaction of 10 lM Synechocysits KatG
with 50 mM H2
18O2 and 50 mM H2
16O2 in 100 mM phosphate buﬀer,
pH 7.0.
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(Fig. 1A, bold line). The release of 50 mM O2 from 100 mM
H2O2 led to a signiﬁcant increase of O2 concentration in the
head-space as demonstrated by the signiﬁcant increase in peak
area at 2.03 min. Independent of the mechanism of O2 release
from H2O2 (enzymatic dismutation or chemical oxidation by
KMnO4) there was a linear correlation between the H2O2 con-
centration in the assay and the calculated peak area at
2.03 min (inset to Fig. 1A). With the exception of the variants
W122F and H123E, under the substrate to protein ratios used
in these assays enzyme inactivation could be disregarded [14]
and H2O2 was completely degraded before sampling.
Fig. 1B shows the mass analysis in the SIM mode of the
2.03 min peak deriving from sampling the head-space 15 min
after addition of 10 lM SynKatG to a mixture of 50 mM
H2
16O2 and 50 mM H2
18O2 in 100 mM phosphate buﬀer, pH
7.0. Very similar results within experimental error were ob-
tained with MtbKatG (10 lM) and BLC (10 lM). In any case,
two peaks of equal areas for 18O2 (m/e = 36) and
16O2-
(m/e = 32) with no indication of 16O18O (m/e = 34) formation
were found. This clearly demonstrates that O2 is formed by
two-electron oxidation of H2O2 without breaking the O–O
bond. In this respect there is no diﬀerence between KatG
and monofunctional catalases.
The pH proﬁles of catalatic activity for KatGs are quite dif-
ferent from those for monofunctional catalases. The latter’s
catalatic activities are essentially pH-independent from pH 5
to 10 [20], whereas KatGs show a sharp optimum between
pH 6 and 7 [9]. Performing the assays described above at pH
5.6 and 8.5 and analyzing the head-space by GC–MS gave very
similar results as shown in Fig. 1B indicating that the H2O2
oxidation follows the retention mechanism in the whole activ-
ity range of KatG. Thus, the drop in activity both at acidic and
alkaline pH must be due to other mechanisms. These could in-
clude proton abstraction before oxidation of H2O2 with the
help of an acid–base catalyst at the distal heme site and/or pro-
tonation of the active compound I species and/or pH-induced
changes in its electronic structure (see below).
Analysis of the crystal structures [1–4] and mass spectromet-
ric data [21,22] has demonstrated the presence of two covalentbonds between three amino acid side chains, W122, Y249, and
M275 (Synechocystis numbering). This M-Y-W crosslink
appears to be a characteristic common to all KatGs and has
been demonstrated to be essential for the catalase activity
[9,15,16,19]. Interestingly, this adduct can be associated with
a KatG-typical arginine (R439) [2]. Its association with the
tyrosinate ion on the adduct is also required for optimum cat-
alatic rates [19,23]. Another important residue at the distal
heme cavity is D152, which is part of the substrate channel
and has its side chain carboxyl group pointing toward the
heme pocket. It participates in maintaining a rigid and
J. Vlasits et al. / FEBS Letters 581 (2007) 320–324 323extended hydrogen-bond network, which is important for the
H2O2 oxidation reaction [18,24]. Variants that had these resi-
dues exchanged (D152S, W122F, Y249F, and R439A) showed
a signiﬁcantly reduced catalase (see Table 1) but a normal or
even enhanced peroxidase activity [9]. Thus, we included these
variants in this mechanistic investigation. Additionally, H123E
was probed since the distal H123 belongs to the very few ami-
no acids, which are important in both the peroxidase and cat-
alase activity because of its function in compound I formation
[17]. All these KatG variants are interesting since they exhibit
an altered kinetics of interconversion as well as spectral signa-
tures of redox intermediates. This indicates that the electronic
nature of the active compound I species might be diﬀerent as
could be the mechanism of H2O2 oxidation [9].
In order to see whether these variants also follow the reten-
tion mechanism, the dismutation of a 50:50 mixture of labeled
and unlabeled H2O2 was performed and the isotopic distribu-
tion of the reaction product O2 was analyzed by mass spec-
trometry. Higher enzyme concentrations were used (Table 1)
because of the diminished turnover. With the exception of
H123E and W122F in all assays the substrate was degraded
completely within 15 min of reaction. In case of H123E and
W122F about 55% and 65% of H2O2 were metabolized as
judged from the total 2.03 min O2 peak area. Nevertheless,
as Table 1 shows it is evident that with all these variants the
oxygen atoms of O2 derive from the same substrate molecule.
Although in some cases the catalatic activity is extremely low
and the variant is known to behave like a monofunctional
peroxidase (e.g. Y249F) the mechanism of H2O2 dismutation
follows the non-scrambling mechanism as in the wild-type
enzyme.
It has to be mentioned that a non-scrambling mechanism
could also result from one-electron oxidation steps of hydro-
gen peroxide by compound I and/or compound II. In this
alternative mechanism superoxide would be a reaction product
that dismutates to dioxygen and hydrogen peroxide in a
pH-dependent manner. If superoxide is a product in the degra-
dation of hydrogen peroxide by catalase-peroxidase, its dismu-
tation would not necessarily be rate limiting. Nevertheless, this
putative pathway can be rejected for several reasons. Firstly,
during H2O2 degradation by KatG neither cytochrome c nor
NBT reduction was observed (not shown) and secondly, super-
oxide dismutase (SOD) did not aﬀect the kinetics of oxygen re-
lease mediated by KatG (not shown).
From the above experiments we deduce that catalase-perox-
idases oxidize H2O2 in a two-electron oxidation step with both
oxygen atoms deriving from the same hydrogen peroxide mol-
ecule. This non-scrambling mechanism is independent of pH
and is not aﬀected by manipulation of highly-conserved and
important catalatic residues. Principally, there are two possible
mechanisms of the formation of O2 following this retention
mechanism. (A) An ionic mechanism via initial proton abstrac-
tion with the help of an acid–base catalyst followed by a hy-
dride-ion removal from H2O2 and release of O2. (B) A
hydrogen atom transfer from H2O2 to the ferryl species to yield
a radical intermediate as has been proposed for the alkaline
hydroxylation by cytochrome P450 [25]. Based on experiments
with monofunctional catalases and myoglobin variants and
deuterium isotope eﬀects on the catalatic activities it has been
shown that the ionic mechanism is followed when a general
acid–base catalyst is available at the distal cavity at a proper
position [11]. In case of KatG two distal side residues havebeen proposed to function as proton acceptor of the second
H2O2 molecule, namely W122 [16] and D152 [18,26]. Not clear
is the electronic nature of KatG compound I that is active in
H2O2 oxidation. The diﬀerences in the spectral features of
reaction intermediates formed during H2O2 dismutation by
monofunctional catalases and KatGs are signiﬁcant [8,9]. In
monofunctional catalases the classical compound I is active
(i.e. oxoiron(IV)porphyryl radical) whereas in KatG – due to
electron transfer from the protein to the iron – alternative
compound I species (e.g. oxoiron(IV) protein radical or even
doubly oxidized protein species) have been suggested to be
catalatically active [8,9]. In any case, the present investigation
unequivocally suggests, that the non-scrambling mechanism is
followed generally by catalatic active heme enzymes and seems
to be independent of the actual electronic structure of com-
pound I.
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